A microwave irradiation method has been used to prepare mixed nickel cobalt sulfide 
INTRODUCTION
The increasing consumption of the fossils fuel with related carbon emissions, the complex set of issues associated with the generation and use of electricity has raised an urgent need and demand for reliable, renewable and sustainable energy alternatives [1, 2] .
Electrochemical energy-storage systems such as batteries and supercapacitors show considerable promise. Supercapacitors have emerged as a fast-rising class of energy storage technology and have received tremendous attention for potential applications in highpower sources such as portable electronics devices, heavy transport, memory backup system and electric vehicles because of their significant properties which includes: high power density, long cycle life, rapid charge time and safe operation mode [1, 3] . Nanostructured materials are being considered as more suitable electrode materials due to their large specific surface area. This is because the performance of the supercapacitor device fabricated will depend on the properties of the applied materials. Generally, large surface area and smaller particle size are beneficial because they provide numerous electroactive sites for adsorption or accommodation of ion from the electrolyte during electrochemical process and can also shorten the ion and electron-transport pathways, thus providing good mechanical and structural stability to reach long cycling, hence improving the performance of the device [4] .
As a result of this, Nanostructured transition metal oxides (TMOs) have attracted extensive and intensive research attention in the past few years as pseudocapacitive electrode materials to develop energy-storage devices. TMOs such as RuO 2 , MnO 2 , Co 3 O 4 , Ni(OH) 2 , MoO 3 , V 2 O 5 , NiO etc. have all been explored as pseudocapacitive electrode materials [5] [6] [7] [8] [9] [10] [11] .
Nevertheless, the low electron conductivity of transition metal oxides, the intrinsically low surface area and non-porosity of the TMOs leads to inferior rate capability and relatively poor electrochemical performance which has largely limited their commercialization [12] .
To address this issue and improved on the electrochemical performance, mixed metal oxides, transition metal sulfides including both binary and ternary materials with stoichiometric composition have recently been investigated as novel pseudocapacitive materials for supercapacitors due to their outstanding electrochemical properties, rich redox reactions involving different ions, complex chemical compositions and their synergetic effects [13] [14] [15] [16] [17] . Compared to single and simple metal oxides, mixed metal oxides or sulfides exhibit variable oxidation state, high electrical conductivity due to lower activation energy for electron transfer between cations [18] [19] [20] . Among the different nanostructured mixed metal oxides, Ni x Co y S 4 is considered as a promising electrode material because of its lowcost, environmentally benign nature, good electronic conductivity, high theoretical capacitance and rich electrochemical activity (redox reaction) [21] . Ni x Co y S 4 can be synthesized using different techniques resulting in diverse structural morphologies such as nanoplatelets, [22] nanoprisms [23] , nanotubes [24] and microspheres [25] . minutes in order to determine the optimum time for the best stoichiometric composition.
Material characterization
Powder X-ray diffraction (XRD) was recorded in the 2θ range between 20.0-80.0 using an XPERT-PRO diffractometer (PANalytical BV, the Netherlands) with theta/2theta geometry and a counting time of 15.240 seconds per step. Qualitative phase analysis of samples was conducted with the X'pert Highscore search match software at room temperature using Co K1α (ʎ=0.178897 nm). The energy dispersive x-ray (EDX) was used to determine elemental composition using scanning electron microscope (SEM) (JEOL 5800LV) equipped with energy dispersive operated at 20 kV, while the morphology and microstructure of the samples were characterized by the high resolution Zeiss Ultra plus 55Field emission scanning electron microscope (FE-SEM) operated at 2.0 kV. The specific surface area and the porosity distributions were calculated from nitrogen adsorption/desorption isotherms and the Barrett-Joyner-Halenda (BJH) method, respectively using Micromeritics TriStar II 3020 (version 2.00) analyzer at 77 K, the samples were outgassed for 12 hours at 90 °C before measurements were taken. The magnetic properties of our samples were carried using SQUID -type magnetometer from Quantum Design (San Diago).
Electrochemical testing
All the electrochemical tests were conducted under ambient temperature using a beaker- and electrochemical impedance spectroscopy (EIS) studies were performed using a Bio-logic SP-300 potentiostat. The CV tests were carried out in the potential range of 0 to 0.5 V at different scan rates ranging from 5 mV s -1 to 100 mV s -1 . The CP measurements were also carried out at different current densities: from 1 A g -1 to 10 A g -1 and the EIS studies were carried out in the frequency range of 100 kHz-0.01 Hz with 0 V AC amplitude. The gravimetric specific capacitance in (F g -1 ) was calculated from the CV and CD curves according to equations 1and 2 below:
where, I refers to the discharge current, ∆t represents the discharge time; ∆V denotes the voltage interval and is the mass of the coated active material (in g); ̅ is the integrated area under the curve for the cathodic current of the CV curve (in mA-V); and is the scan rate (in mV/s) used during the CV measurement
Results and discussion
The X-ray diffraction patterns of sample prepared for all the reaction periods are shown in evolution for each set of samples. Initial set of samples produced for 30 minutes had "cactus-leaf" like (sheets are wider and longer) structures. When the molar concentration of Ni + was increased there seems to be no obvious change in the morphology, rather the "cactus leaf like" morphology loses its definite shape and now appears more crumpled.
Further increase in the reaction time to 60 minutes leads to curling and/or wrapping of the nano leaves into flower shape formation. The wrapping is more intense with increase in Ni + concentration. However, for the samples with 90 minutes reaction time; the morphology trend appears to be from the appearance of folded or rumpled leaf-like structures to better defined shapes but not exhibiting a perfect flower morphology, as concentration of Ni + increases. In addition, for all the samples studied there is a steady increase of the diameters of the nano leaves from a few nanometres, to hundreds of micro-meters when the time was increased from 30 to 90 minutes. The formation mechanism of the leaves which evolves to flower like structures could be explained as follows: Microwave irradiation is based on efficient interaction of molecules with the electromagnetic waves, the electromagnetic waves couple directly with the molecules of reactant in the entire reaction vessel. This leads to a rapid rise in temperature and formation of large amount of nuclei in a short time which is followed by self-assembly of nanoparticles. Since this process is not limited by the thermal conductivity, Ostwald ripening process could also occur. In brief smaller particles dissociates while the bigger ones grow into layers with a lamellar structure, these leaf-like particles tend to curl and assemble forming the flower-like structure [28] . When the time was increased to 90 minutes the flower-like structure expected did not attain a complete growth; this could be due to the pressure inside the microwave reactor vessel as a result of excess reaction time. This suggests that 60 minutes could be the optimum time for synthesis of these nanostructures of Ni-Co-S using the microwave technique. For this specific period of synthesis, a steady assembly of the Ni-Co-S nano leaves into flower-like shapes was observed with no appearance of particles on the surface of the nano leaves. See figure S2-S4 in the supporting information for nano size images.
The specific surface area and porous nature of the Ni-Co-S nanomaterials produced at all concentrations and reaction times were also examined by nitrogen adsorption and desorption measurements, which are shown in Figure 3 . Figure 3 revealed typical type IV isotherms for all samples with an apparent hysteresis loop, indicating a mesoporous structures with the pore size distribution inset to all the figures which demonstrates that the pores in all the samples were mesopores and macropores with a broad pore-size Thus, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) was used to determine the best sample for Faradaic electrochemical behavior. 
The first anodic peaks correspond to the oxidation of CoS to CoSOH, the second peak is the overlapped peaks of CoSOH to CoSO and NiS to NiSOH, while the two cathodic peaks represent the reverse reduction processes [30] . Also, from these CV curves, the sample with Ni of concentration 8 mM produced at 60 minutes induces a high peak current which suggest the best electrochemical response ( figure 4 (d) ), confirming our previous assumption that 60 minutes is the optimum growth time for such a structure in the microwave assisted hydrothermal synthesis. EIS was performed to further confirm this result and assertions.
Electrochemical impedance spectroscopy (EIS) was used to estimate the Ohmic resistance of the Ni-Co-S. Figure adsorption of ion during electrochemical process and which best explain the higher rate capability by facilitating a quicker permeation process of electrolyte into the electrode matrix by shortening the diffusion distances of OH − to the electroactive sites and accommodates the resulting strain caused by high rate insertion and extraction of OH−ions ( figure S5 b) . The EIS result also corroborates the result obtained from the CV that Ni-Co-S-3 had the best faradaic performance. Thus, all further studies are focussed on this optimized electrode.
Figure 5 (a) shows the CV curves obtained at scan rates between 5-100 mV s -1 for Ni-Co-S-3 sample. All CV curves exhibit a similar shape and the peak current increase with increasing scan rates. [29] . The anodic peaks shift to higher potential while the cathodic peaks shift to lower potential as the scan rate is increased probably because of kinetic in the redox process due to polarization and ohmic resistance during faradaic reactions [19, 26] . Also, the shift to higher potential with increasing scan rate could be an indication of diffusion control reaction kinetics taking place during the electrochemical process. This is in line with previous electrochemical report on cobalt sulfides and nickel sulfides which showed that cobalt sulfides showed lower redox reaction potential compared to that of nickel sulfides due to their intrinsic electrochemical response to the electrolyte [23, 26] . The specific capacitance from the CV curves was estimated using equation ). being 0.9963 and 0.9944 for both anodic and cathodic processes respectively. This affirms the fast kinetics of the system which is always due to the fast rate at which electrons or ions are diffused in the materials studied. During this study, the electrode maintained stable CV when repeated at each scan rate, proving its usability in aqueous solution.
To quantify the rate capability of the Ni-Co-S-3 electrodes, galvanostatic CD measurements were carried out. Obviously, the nonlinearity in the discharge profiles ( Figure 5 (c) ) further verifies the electrochemical process of the Ni-Co-S-3 electrode is Faradaic in origin. Figure 5 (c) shows the discharge profiles at different current densities. The specific capacitance was calculated by using formula (1) above for the following current densities 1, 2, 3, 4, 6 and 10
A g -1 . The corresponding specific capacitance values of the Ni-Co-S-3 were calculated to be 790, 620, 505, 465, 330 and 347 F g -1 respectively. The capacitance decreases with increasing current density due to the increment of voltage drop, polarization effect and less utilization or insufficient active material during redox reaction under higher current densities [31] . These results are also consistent with the CV result which shows that the material undergoes a faradaic process.
However, at a current density of 10 A g -1 the sample still had a capacitance of 347 F g -1 suggesting a good rate capability which is very useful for the ternary sulfides electrode materials in high performance supercapacitor applications. This could be associated to the high rate capability of the bimetallic sulfides giving rise to high charge transfer conductivity which facilitates the fast transfer of electrons in the charge-discharge process. Longer cycle life is one of the most important parameters for evaluation of the electrode materials used in electrochemical processes. The coulombic efficiency which is a measure of feasibility of redox process, which is calculated from the charge-discharge curves using: electrochemical process occurring at the electrode/electrolyte interface. From these data, several observations can be inferred from the high to the low frequency regions which correspond to different resistance phenomena during the electrochemical process. R s is the bulk solution resistance, R CT is the charge-transfer resistance, C is the capacitance, Q is the constant phase element and W is the Warburg resistance which is usually associated with leakage current. The equivalent series resistance R S is in series with Q. The semicircle at high frequency region corresponds to the charging of the layer of Ni-Co-S-3 surface of the sample on the electrode. In the high-frequency to mid frequency region is the interfacial charge transfer resistance R CT which is in parallel with Q. The R CT is caused by the interruption in the charge transfer at the electrode/electrolyte interface which is occurring between Ni-Co-S-3 and electrolyte. The R CT value shown in (table 1) for Ni-Co-S-3 electrode demonstrates the collective coexistence of Ni and Co ions in the sulfides which contributes to the small value.
The low charge-transfer resistance can be attributed to the high conductivity of the bimetallic sulfides [14, 25] . In general, vertical line at lower frequency region indicates good capacitive behavior of the electrodes which is responsible for the ideal capacitance. The
Nyquist plot shows a deviation from the vertical line in the low-frequency region indicating a near ideal capacitive behaviour and also represents the diffusion of ions at the interface between electrode and electrolyte. At these low frequencies, the current flowing through the cell usually has resistance and Warburg impedance characteristic element denoted by W which is expressed as where A is the Warburg coefficient, ω is the angular frequency. In the Nyquist plots the inclined portion of the curve at lower frequency near 45 is attributed to the Warburg impedance, W, which is caused by the diffusion/transport of OH -ions within the pores or surface of Ni-Co-S-3 electrodes during the redox reactions. close to 90° at low frequencies which confirms a nearly ideal capacitive behaviour.
Due to the fact that our Ni-Co-S-3 sample showed exceptional properties as stated above we decided to check its magnetic properties. The low field magnetization of this sample as function of temperature from 4 K to 300 K is shown in figure 7 (a) with the inset to the figure being the enhanced section of low temperature range. There is a clear peak at 10 K which corresponds to transition temperature below which this material is ferromagnetic. To further test the magnetic property of this material, field dependent magnetization below and above transition temperature was carried out. 
